Accurate repair of DSBs in chromosomal DNA is integral to the maintenance of genomic integrity in all cells and is essential for early development in vertebrates 1 . DSB repair mediated by homologous recombination uses an intact template for DNA replication across the break site; in eukaryotes, homologous recombination is preferentially used in the S and G 2 phases of the cell cycle when sister chromatids are present 2, 3 .
a r t i c l e s
Accurate repair of DSBs in chromosomal DNA is integral to the maintenance of genomic integrity in all cells and is essential for early development in vertebrates 1 . DSB repair mediated by homologous recombination uses an intact template for DNA replication across the break site; in eukaryotes, homologous recombination is preferentially used in the S and G 2 phases of the cell cycle when sister chromatids are present 2, 3 .
Homologous recombination occurs in several distinct steps that prepare a broken DNA substrate for strand invasion into a homologous template and eventual resolution of strand invasion intermediates 4, 5 . The first step is the resection of 5′ strands from the DSB ends, which in eukaryotes occurs typically over the course of 1-4 h after a DSB is introduced, based on studies in fungi. The extent of the resection (a few hundred nucleotides to tens of kilobases) depends on the locus and on the availability of a homologous target for strand invasion or single-strand annealing [6] [7] [8] [9] . The 3′ single-stranded DNA (ssDNA) overhangs are bound initially by replication protein A (RPA), which is subsequently exchanged for the Rad51 recombinase with the help of Rad52 and other mediator proteins. The resection step in homologous recombination is a critical control point in eukaryotes, as it is regulated during the cell cycle to occur preferentially in the S and G 2 phases 2,3 , although partial resection of radiation-induced breaks also occurs during G 1 phase 10 . Extensive removal of the 5′ strand at a break also commits a cell to homologous recombination as the processed ends can no longer be joined through nonhomologous end-joining pathways.
In most bacteria, 5′ strand resection of DSBs is catalyzed by the RecBCD helicase-nuclease complex, but RecBCD does not seem to exist outside prokaryotes, so the mechanisms of DNA end resection in archaea and eukaryotes have remained largely unknown.
Mre11-Rad50 complexes have been suggested as probable candidates for enzymes that initiate 5′ strand resection for many years, initially because of the phenotypes of null and hypomorphic mutants during meiosis in budding yeast [11] [12] [13] . The efficiency of 5′ strand resection during mitotic recombination is reduced and delayed in MRX or Sae2 mutants 14, 15 . Mre11 shares homology with phosphodiesterases, contributing to speculation that Mre11-Rad50 complexes directly degrade 5′ strands at DSBs. However, we and others have shown with recombinant proteins in vitro that Mre11 proteins from several different species all show 3′→5′ exonuclease activity in vitro in the presence of manganese [16] [17] [18] [19] , which is the opposite polarity from the 5′→3′ excision required to generate 3′ overhangs. Mre11 nuclease activity is also unnecessary for the resection of endonuclease-induced DSBs in vegetatively growing yeast cells, although it is essential for the processing of meiotic DSBs which are covalently bound on the 5′ strand to the Spo11 protein [20] [21] [22] .
Recent work has shown that there are two redundant pathways of further resection downstream of MRX and Sae2, the first consisting of the yeast Exo1 protein and the second consisting of a complex of proteins containing the Dna2 nuclease, the Sgs1 helicase, Rmi1 and Top3 (refs. 23-25) . The MRX complex, along with Sae2, is primarily responsible for the initiating stages of DSB processing.
Despite the recent identification of the components of resection in vivo in budding yeast, it is still unclear what the mechanistic role of each of these proteins is at a DSB. Why are so many nucleases present, what is the role of each, and do MRX and Sae2 contribute directly to the resection reaction? To address these questions, we used recombinant MRX, Sae2 and Exo1 proteins to reconstitute eukaryotic DSB resection in vitro with purified components. We show that MRX and Sae2 strongly promote 5′ strand resection by Exo1 and are essential when Exo1 concentrations are functionally limiting, indicating that they have a direct role in the processing reaction. This work establishes an in vitro reaction to dissect the roles of these and other components known to regulate 5′ strand resection in cells.
RESULTS

MRX and Sae2 stimulate Exo1 activity on DNA ends
To determine whether MRX and Sae2 contribute directly to the resection of 5′ strands of DNA at a DSB, we expressed and purified recombinant yeast Exo1 protein (Supplementary Fig. 1 ) and tested its activity in vitro on a linear DNA substrate in the presence or absence of recombinant MRX and Sae2. We detected little degradation of the 5.6-kb linear DNA substrate in the presence of Exo1 alone, but the substrate was partially degraded with MRX present and completely degraded in the presence of both MRX and Sae2 (Fig. 1a) . Yeast Exo1 is an active nuclease alone (Fig. 1b, top) , although its activity is observed at four-to eight-fold lower concentrations when assayed in the presence of MRX and Sae2 (compare lanes 4-7 with lanes 10-13).
To visualize the ssDNA generated during the resection reaction, we used a strand-specific RNA probe that hybridizes to a 1-kb region on one end of the substrate, after native Southern blot transfer to a nylon membrane (Fig. 1b, bottom) . Using this sensitive assay, it is clear that Exo1 generates 3′ ssDNA and that the extent of resection increases markedly with MRX and Sae2 present in the reaction. Both the efficiency of resection, as measured by the intensity of the signal, and the extent of resection, as measured by the decrease in size of the reaction products, increased with the addition of MRX and Sae2. We observed that the majority of products hybridize to the 3′ strand probe versus the 5′ strand probe (Fig. 1c) ; thus, resection by Exo1, MRX and Sae2 is in the 5′→3′ direction. The probe specific for the 5′ strand has a weak signal; we hypothesize that this is because resection initiates from the other DSB end, as has been shown with Pyrococcus furiosus Mre11-Rad50 complexes (MR) in combination with the helicase-nuclease complex HerA-NurA 26 . In this assay, Sae2 and MRX cooperatively increase Exo1-mediated resection (Fig. 1c, lane  8 ), but each also weakly stimulates Exo1 independently (lanes 6 and 7). MRX and Sae2 stimulate Exo1 60-to 300-fold over Exo1 alone, based on Fig. 1b ) to assess level of DNA resection at each site: 29 nt from the end (top) and 1025 nt from the end (bottom). From each reaction, undigested aliquots were analyzed and compared with digested aliquots to obtain a ΔC T value, which was used to calculate the percentage of ssDNA in the reaction as described in Methods. Each resection reaction was done in triplicate and a qPCR analysis done for each (values are mean ± s.e.m.). a r t i c l e s nally labeled, 700-bp DNA substrate with Exo1, MRX and Sae2 and analyzed the products using thin-layer chromatography (Fig. 3a) . This analysis showed that single nucleotides are excised by Exo1 and that MRX and Sae2 cooperatively stimulate this activity. To examine endonuclease activity by Exo1, we used a 700-bp DNA fragment fluorescently labeled on the 5′ strand with Cy5 ( Fig. 3b) . High levels of Exo1 also clearly generated oligonucleotide products from the 5′ end of the 5′ strand (lane 6). With lower levels of Exo1, MRX and Sae2 stimulated the appearance of these products (Fig. 3b , lanes 2-5); thus, Exo1 acts both as an endonuclease and an exonuclease in resecting linear DNA, and MRX and Sae2 promote both activities.
On the basis of these data we conclude that Exo1, MRX and Sae2 act cooperatively to resect the 5′ strand of a DSB. Yeast Exo1, MRX and Sae2 each have nuclease activity in vitro 18, 27, 28 , although we would expect neither Mre11 nor Sae2 to carry out extensive 5′→3′ degradation of DNA on the basis of its activities in vitro. To determine whether Exo1 has the primary catalytic role in this reaction, we expressed and purified a catalytic mutant of Exo1 that lacks nuclease activity 28 . This mutant, D173A, has no detectable activity in resection assays alone or in combination with MRX and Sae2 (Fig. 3a , lanes 8 and 9, and Fig. 4a , lanes 13, 14, 19 and 20) . Thus, the catalytic activity of Exo1 is responsible for essentially all of the 5′ strand resection observed in these reactions, even though this activity is strongly dependent on MRX and Sae2.
Exo1 stimulation does not require Mre11 nuclease activity
The Mre11 protein shows endonuclease as well as 3′→5′ exonuclease activity in vitro, although in all of these cases it is manganese dependent [16] [17] [18] [19] 29 . All reactions carried out in this study contain only magnesium, which is the more physiologically relevant metal ion in vivo, and do not contain manganese. Nevertheless, a low level of Mre11 nuclease activity could still occur in magnesium, as we have demonstrated with P. furiosus Mre11-Rad50 complexes 26 . To test whether Mre11 nuclease activity contributes to the Exo1-dependent resection reaction, we expressed and purified Mre11 H125N in complex with Rad50 and Xrs2, M(H125N)RX, which lacks both endo-and exonuclease activity in vitro 20 . We found that the nuclease-deficient complex bound to DNA in gel mobility shift assays similarly to wildtype MRX (Supplementary Fig. 2 ) and stimulated Exo1 activity at ~80% of the level of wild-type MRX in the presence of Sae2 (Fig. 4b) . The same mutant expressed in vivo in yeast showed nearly wild-type levels of resection 20 .
We also expressed and purified a 'Rad50S' MRX complex, containing the Rad50 mutant K81I that blocks resection of Spo11-induced DSBs in meiosis and delays end processing in mitotic cells 11, 15 . This mutant MRX complex bound to DNA similarly to wild-type MRX ( Supplementary Fig. 2 ) but nevertheless inefficiently stimulated Exo1, three-to four-fold less than with wild-type MRX (Fig. 4c) . Higher levels of Sae2 reduced the defect observed with the K81I MRX mutant complex in vitro (data not shown), consistent with the observation that overexpression of Sae2 in vivo partially suppresses the defects in resection observed with the rad50S allele 15 . However, the defect conferred by the rad50S mutation is not limited to its interaction with Sae2 because the stimulation of Exo1 observed with MRX alone was also reduced by 3.3-fold.
Sae2 also shows endonuclease activity in vitro 27 and is active in the presence of magnesium. In a previous study we generated quantification of the signal from five independent experiments (Fig. 1d) . MRX alone generates a small but detectable signal of resected 5′ strands (Fig. 1c, lane 2) , as reported for P. furiosus Mre11-Rad50 (ref. 26) , which increases slightly in the presence of Sae2 (Fig. 1c , lane 5). Sae2 does not generate any resection products alone (Fig. 1c, lane 3) , consistent with our previous finding that Sae2 endonuclease activity requires ssDNA and is not apparent on double-stranded DNA (dsDNA) 27 . To further characterize the reaction and assess the extent of resection quantitatively, we developed a real-time PCR assay similar to a system used to monitor resection in vivo in yeast 8 . We assessed DNA resection at restriction sites located 29 base pairs (bp) and 1,025 bp from the DSB site by quantitative PCR (qPCR) using two sets of primers and probes (Fig. 2a,b) . This analysis showed that, in a typical reaction with 4 nM Exo1, 25-30% of the substrate is single-stranded close to the DSB site in the presence of all of the factors, and that this proximal resection mostly depends on MRX and Exo1 (Fig. 2c) . At the site located 1 kb from the break, all the components are necessary for efficient resection, with ~20% of the input DNA converted to resected product (Fig. 2c) .
Exo1 degrades DNA as a 5′→3′ exonuclease but also as an endonuclease on 5′ flap DNA substrates 28 . To determine which activity operates during resection, we used an inter-a r t i c l e s N-and C-terminally truncated versions of Sae2 lacking dimerization, DNA-binding and catalytic activities in vitro 27 . We tested both of these mutants in the resection assay in comparison with wild-type Sae2 and found that neither stimulated resection above the level of MRX and Exo1 alone (Fig. 5a) . Wild-type Sae2 increased the efficiency of the resection three-fold, whereas the ΔN mutant (deficient in dimerization, DNA-binding and catalytic activity) and the ΔC mutant (deficient in catalytic activity) did not stimulate resection catalyzed by Exo1 alone or Exo1 in combination with MRX.
Sae2 is required for efficient resection of DSBs and repair of breaks by single-strand annealing in Saccharomyces cerevisiae in vivo 15, 23 . To assay for the effect of Sae2 on resection in vivo, we measured resection at a break induced by HO endonuclease using chromatin immunoprecipitation (ChIP) with an antibody specific for RPA, which loads onto ssDNA after DSB processing (Fig. 5b) . These results indicate that deletion of Sae2 strongly reduced RPA recruitment close to the break site as measured by the P1-P2 probe (Fig. 5c) , as well as 5 kb from the cut site, as measured with the P5-P6 probe (Supplementary Fig. 3 ). The reduction in ChIP signal in a sae2 strain was not as severe as with an mre11 deletion but much more extreme than with an exo1 deletion, probably because of the redundancy between Exo1 and the Sgs1-Dna2 pathway in vivo. To test whether the mutants we analyzed are deficient in resection in cells, we expressed the ΔN and ΔC Sae2 mutants from low-copy plasmids in comparison with wild-type Sae2 in a budding yeast strain lacking endogenous Sae2. Expression of wild-type Sae2 facilitated RPA recruitment to DNA adjacent to the break site, whereas the ΔC showed a modest stimulatory effect over background, and the ΔN mutant did not detectably facilitate resection in vivo ( Fig. 5c and  Supplementary Fig. 3 ). We obtained similar results when we directly measured the production of ssDNA at the break site in each strain using a PCR-based assay (Supplementary Fig. 4 ).
MRX and Sae2 promote Exo1 binding to DNA ends
One possible explanation for the strong stimulatory effect of MRX and Sae2 on Exo1 activity would be protein-protein interactions between the respective complexes. We looked for such interactions but did not observe any stable interactions between MRX and Sae2 or between Exo1 and the other components without DNA (data not Fig. 1b ) using nondenaturing Southern hybridization with a 3′ strand probe and with D173A Exo1. Concentrations of wild-type (WT) and mutant Exo1 were 4 nM and 8 nM. (b) Resection assays were done (as in Fig. 1b) with the probe specific for the 3′ strand but with MRX complexes containing Mre11 H125N. Total counts in each lane from three experiments were quantified using phosphorimager analysis (values are mean ± s.d.). In each experiment, the signal from the reactions containing wild-type MRX, Exo1 and Sae2 was the highest and set to 100%, with the signals in other lanes shown relative to this value. (c) Resection assays were carried out, analyzed and presented as in b but with the MR(K81I)X mutant complex. Reactions from three independent experiments were quantified. a r t i c l e s shown). None of the many yeast two-hybrid screens carried out in budding yeast have identified such interactions. Another possibility is that the MRX, Sae2 and Exo1 proteins form complexes only in the context of a DSB. To test this hypothesis, an α-32 P-labeled DNA oligonucleotide duplex with 3′ overhangs was incubated with Exo1, Sae2 and MRX and a gel mobility shift assay was carried out (Fig. 6a) . At protein concentrations similar to those used in the resection assay, Sae2 forms one predominant protein-DNA complex (lane 2), MRX shifts a small amount of the DNA into a large complex that is stimulated by Sae2 (lanes 3 and 7) , whereas Exo1 by itself inefficiently forms a complex that does not enter the well (lane 6). (Exo1 D173A was used in this experiment to prevent degradation of the DNA during the assay.) In contrast we found that, in the presence of all the proteins, nearly 100% of the DNA is bound, suggesting that there is cooperative binding of the DNA when MRX, Sae2 and Exo1 are all present. This cooperative binding correlates well with the marked stimulation in Exo1-mediated resection we observed with the plasmid DNA substrates.
To specifically examine the binding of Exo1 to DNA and its recruitment by MRX, we also carried out a pulldown assay in which MRX and Exo1 were incubated together with biotinylated DNA, the DNA molecules were isolated with streptavidin beads, and then bound proteins were visualized by SDS-PAGE and western blotting with an antibody to Flag to visualize both Rad50 and Exo1. Considerably more Exo1 was bound to the DNA when MRX was also present in the reaction (Fig. 6b) . We also analyzed binding of MRX, Sae2 and Exo1 to DNA using surface plasmon resonance (SPR; Supplementary Fig. 5 ). In this assay, MRX, Exo1 and Sae2 at 2 nM concentrations bound with nearly equivalent affinity to the DNA on the surface, but Exo1 and MRX together showed faster association and slower dissociation, consistent with the formation of a higher-affinity complex.
As a final test of protein-DNA binding, we used strand-specific cross-linking to determine where on the DNA end each component is associating. In this assay, we used azidophenacylbromide to modify DNA containing phosphorothioates on the ends of either the 5′ strand or the 3′ strand with azido groups, which can be cross-linked to proteins using UV radiation 30 . The 32 P-labeled DNA substrate was incubated with the proteins on ice, cross-linked with UV, separated by denaturing SDS-PAGE and transferred to a PVDF membrane. During this process the free labeled DNA is removed, whereas DNA that is covalently attached to protein appears on the membrane in a protein-DNA complex. The results show that, at high levels, Exo1 cross-links to the 5′ strand (Fig. 6c, lane 8, top) . However, cross-linking of Exo1 to the 5′ strand is strongly enhanced by the inclusion of MRX and Sae2 in the reaction (lanes 2-9, top), whereas neither MRX nor Sae2 forms distinct cross-linking products with the 5′ azido-conjugated DNA under these conditions (lanes 10-12, top). In contrast, the DNA substrate with azido groups on the 3′ strand is specifically cross-linked to Sae2 independently of MRX or Exo1 in the reaction (lane 12, bottom). On the basis of these results, we postulate that MRX partially opens a DSB into a branched structure, which could be bound by both Sae2 on the 3′ strand and Exo1 on the 5′ strand. In support of this model, we found that Exo1 shows a higher affinity for a branched end structure relative to linear dsDNA ends in gel mobility shift assays (Supplementary Fig. 6 ).
MRX and Sae2 promote Exo1 activity by 5′ strand processing
Here we have demonstrated a recruitment role for MRX and Sae2 in stabilizing Exo1 on DNA ends. However, it is also apparent in the resection analysis (Figs. 1c, 2c and 3b ) and in our previous characterization of Sae2 in vitro 27 that MRX and Sae2 together catalyze a weak but detectable processing of DNA ends that removes a short region of the 5′ strand at a break. To determine the extent of the contribution of this processing event, we carried out the resection assay in two stages, with MRX and Sae2 in the first reaction only, followed by precipitation of the DNA substrate and incubation with Exo1 in the second reaction. The resection of the plasmid DNA by Exo1 in the second stage was more efficient when the DNA had been incubated with MRX and Sae2 in the first stage (Fig. 7a, compare lanes 2 and 6) . This is probably because MRX and Sae2 catalyze inefficient endonucleolytic cleavage of the 5′ strand of DNA to produce oligonucleotide products (seen with the 5′ end-labeled substrate in Fig. 3b, lane 12) . The limited 5′ strand removal occurring in the first-stage reaction probably promotes Exo1 activity during the second-stage reaction. To test this idea, we used an unrelated, distributive 5′→3′ exonuclease (T7 exonuclease) 31 in the first-stage reaction instead of MRX and Sae2, using levels of enzyme that generate about the same amount of digestion as MRX and Sae2 on the basis of the nondenaturing Southern assay (data not shown). When this pre-resected DNA was subsequently used as a substrate for Exo1, we also observed increased Exo1 activity in the second-stage reaction (Fig. 7b, compare lanes 2 and 6) , confirming that limited 5′ strand resection can promote further 5′ strand resection by Exo1. However, even with the pre-resected substrate, MRX and Sae2 still had a marked effect on Exo1 (Fig. 7b, lane 7) , thus the recruitment Figure 6 MRX and Sae2 promote Exo1 DNA binding. (a) Gel mobility shift assays were done with wild-type MRX (2.5 nM), Sae2 (2.5 nM) and Exo1 D173A (4 nM) proteins and a 32 P-labeled, double-stranded oligonucleotide substrate containing 4-nt 3′ overhangs on both ends. Reactions were incubated for 15 min on ice before separation on a native acrylamide gel. (b) MRX and Exo1 D173A proteins were incubated with biotinylated, blunt 100-bp duplex DNA, cross-linked with formaldehyde, and proteins bound to the DNA were isolated using streptavidin-coated magnetic beads. Bound protein was visualized by SDS-PAGE and western blotting with antibody to Flag for Exo1 and Rad50. (c) Protein-DNA binding assays were done with a 90-bp blunt DNA substrate, containing five azide groups (N 3 ) on the 5′ ends of the 5′ strands or the 3′ ends of the 3′ strands. Both DNA substrates were labeled with 32 P (asterisk). Proteins were incubated with the DNA substrates on ice, UV irradiated, separated by SDS-PAGE and transferred to a PVDF membrane to remove all uncross-linked DNA before phosphorimager analysis. M, molecular weight markers. a r t i c l e s of Exo1 by MRX and Sae2 has an important role even when the DNA is already partially processed. This result is also consistent with our observation that Exo1-mediated resection is more efficient on linear substrates containing 3′ overhangs in comparison to substrates containing 5′ overhangs (Supplementary Fig. 7) .
In another version of the two-stage experiment (Fig. 7c) , we monitored the extent of resection using the Southern assay and compared this to the normal coupled reaction and a reaction in which Exo1 was present alone. The results indicate that resection by Exo1 alone was about three-fold more efficient when MRX and Sae2 were present in the first incubation (Fig. 7c, compare lanes 2 and 3) . However, this split reaction was still several-fold less efficient than the combined reaction (lane 2 versus lane 4). The combined reaction is probably enhanced by the recruitment of Exo1 by MRX that we have demonstrated, yet we still discern an effect of MRX and Sae2 that is distinct from recruitment, which probably represents 5′ end processing by these proteins.
Recent studies with yeast Dna2 and the Sgs1-Rmi1-Top3 complex have also shown that MRX stimulates 5′ strand resection 32, 33 . In the reaction of Dna2 with Sgs1-Rmi1-Top3, the presence of yeast RPA was critical for maximal efficiency of resection as RPA increased the rate of DNA unwinding by Sgs1 and specifically protected the 3′ single strands from degradation by Dna2. We found that RPA inhibits the activity of yeast Exo1 in vitro, although we observed that MRX and Sae2 can partially restore its activity in the presence of RPA (Supplementary Fig. 8 ).
DISCUSSION
In this study we have used purified, eukaryotic proteins to reconstitute 5′ strand resection of DNA DSBs in vitro. Our results show that Exo1 catalyzes the removal of the 5′ strand of DNA, yet its activity strongly depends on MRX and Sae2. MRX and Sae2 markedly stimulate Exo1 activity (60-to 300-fold) when Exo1 is present in limiting concentrations, less than ~6 nM. Above this level, Exo1 shows activity independent of MRX and Sae2; however, the extent of resection is still increased by MRX and Sae2. The ability of Exo1 to function in the absence of MRX is consistent with the observation that overexpression of Exo1 in yeast partially suppresses the DNA damage sensitivity of strains lacking MRX 13, [34] [35] [36] [37] .
The concentration dependence of Exo1 stimulation suggests that MRX and Sae2 affect the recruitment of Exo1. Consistent with this idea, we find that Exo1, MRX and Sae2 each bind a short DNA duplex minimally in a gel mobility shift assay but the presence of all three complexes leads to nearly 100% binding of the labeled DNA (Fig. 6) . Similar cooperativity between Exo1 and MRX was observed using SPR ( Supplementary Fig. 5 ), and Exo1 binding to DNA was stimulated by MRX in pulldown assays. Lastly we showed stimulation of Exo1-DNA binding by MRX and Sae2, specifically at the 5′ strand at a break, using UV cross-linking (Fig. 6) . Taken together, these results suggest that the major effect of MRX on Exo1 activity is through an increase in the affinity of Exo1 for DNA.
Without any evidence for protein-protein interactions, we postulate that MRX may create a specific DNA structure that results in a higheraffinity binding site for Exo1 (Fig. 7d) . On the basis of previous work with the human Mre11-Rad50-Nbs1 complex (MRN), we think that a probable possibility for such a structure is an unwound end. We previously showed that MRN can dissociate a short (15 nucleotides (nt)) oligonucleotide from a complementary DNA strand in an ATPstimulated manner 38 and that unwinding of a DNA end is important in MRN-dependent ATM activation 39 . DNA unwinding is also an attractive idea because Sae2 and Exo1 both can cleave 5′ flaps in branched DNA 27, 28 . We also show in this work that Exo1 preferentially binds to a branched DNA structure (Supplementary Fig. 6 ) and that Exo1 generates oligonucleotide products from the 5′ strands of a DSB (Fig. 3) . There is no indication from genetic experiments in budding yeast that Exo1 acts with Sgs1 or any other helicase in vivo 23, 24 , although human Exo1 was shown to interact physically and functionally with BLM helicase, a relative of Sgs1 in the RecQ family 40 .
We also uncovered evidence for a pathway of Exo1 stimulation involving DNA end processing. Endonucleolytic cleavage of the 5′ strand occurs in the presence of MRX and Sae2 alone, and this limited resection of the DNA stimulates Exo1 by about three-fold in comparison to Exo1 activity on unprocessed DNA. An unrelated 5′ exonuclease can be used in place of MRX and Sae2 for this processing (Fig. 7) . However, in the context of the coupled reaction where recruitment of Exo1 is taking place, the processing pathway does not play a major role because we find that resection stimulated by MRX complexes d Figure 7 MRX and Sae2 facilitate Exo1 activity through distinct 'processing' and 'recruitment' pathways. (a) Resection reaction was carried out (as in Fig. 1a ) using pTP407 plasmid DNA linearized with BseRI except that the reaction was done in two stages. The first incubation (Inc. 1), included MRX (50 nM) and Sae2 (26 nM) but the DNA was deproteinized with SDS and proteinase K, followed by ethanol precipitation. The DNA from each reaction was incubated in a second reaction (Inc. 2) that included Exo1 (1 nM). Reactions were separated by native agarose gel electrophoresis and DNA stained with SYBR green. M, molecular weight markers. (b) Two-stage reactions were carried out as in a except that T7 exonuclease (1 unit) was used in the first incubation and MRX (5 nM) and Sae2 (5 nM) were also added in the second incubation. (c) Two-stage reactions were carried out as in b except with pNO1 plasmid DNA linearized with Sph1 and analyzed by nondenaturing Southern hybridization using a probe specific for the 3′ strand (as in Fig. 1b) . Reactions included MRX (14 nM), Sae2 (3.5 nM) and Exo1 (4 nM). M, molecular weight marker. (d) Working model for association and cleavage of DNA ends by MRX, Sae2 and Exo1. We hypothesize a DNA-unwinding step followed by inefficient cleavage by MRX and Sae2, Exo1 recruitment and further excision catalyzed by Exo1 (see text for details).
a r t i c l e s containing nuclease-deficient Mre11 (Mre11 H125N) 20 is ~80% of that seen with wild-type MRX. This result is very similar to our observations with nuclease-deficient P. furiosus Mre11 in a reaction with archaeal components 26 . We postulate that the 5′ end processing by MRX and Sae2 is likely to have a much more important role in situations where the 5′ strand is blocked, as in the case of Spo11 conjugates or other polypeptide or chemical adducts 20, 21 . Mre11 nuclease activity is similarly essential for Spo11 removal in fission yeast [41] [42] [43] but also plays an important role in the repair of covalent topoisomerase I and II complexes from DNA 44 and is essential for embryonic development in the mouse 45 . In contrast to the Mre11 nuclease domain mutations, the K81I (Rad50S) mutation caused a more severe reduction in resection, with only 25-30% of products observed compared to that seen with wildtype MRX. This result agrees well with published data showing that the kinetics of DSB resection and single-strand annealing are delayed in vivo in a strain expressing the rad50S mutant 15 . rad50S strains share the same phenotype as sae2Δ strains in meiosis, where Spo11-induced DSBs are made but not resected 11 . Our results with the K81I Rad50S complex suggest that the mutation may cause a defect in the protein-DNA structure formed by MRX on the DNA end, as the ability of the mutant to stimulate Exo1 is reduced in comparison to wild-type MRX, even in the absence of Sae2.
Based on this evidence we propose a working model for the initiation of resection (Fig. 7d) . MRX and Sae2 recognize and bind stably to the DSB site, concomitant with MRX-dependent unwinding of the DNA strand, which facilitates higher-affinity binding of Exo1 to the DSB end. We have observed Exo1 endonucleolytic activity on the 5′ ends of DNA substrates that is stimulated by MRX and Sae2 (Fig. 3b) , but there is also extensive degradation of the duplex via exonucleolytic activity, generating single-nucleotide products (Fig. 3a) . We envision that Exo1 may bind initially at a branched structure and then make an endonucleolytic cut, followed by exonucleolytic cleavage events. We have also observed Exo1-generated oligonucleotide products internal to the DNA ends (data not shown), suggesting that endonucleolytic cuts may occur away from the initial 5′ end. MRX and Sae2 can also inefficiently cleave the 5′ strand to generate oligonucleotide products, an activity that also promotes Exo1 activity. On the basis of immunofluorescence and ChIP studies we postulate that MRX and Sae2 dissociate after stable binding of Exo1 (ref. 46) .
The resection reactions we have reconstituted with archaeal and budding yeast components show that Mre11-Rad50 complexes are important for efficient removal of the 5′ strand at a DSB, even though the resection is carried out by other enzymes. In eukaryotes, one reason for this role of MRN and MRX is to incorporate activation of ATM (Tel1) signaling during the earliest stages of DNA DSB repair. MRN and MRX recruit and activate ATM (Tel1) at DSB sites, and the branched DNA structure we are proposing here may be the same structure that stimulates ATM activity. The successful establishment of this in vitro system suggests that these important functions of prokaryotic and eukaryotic Mre11-Rad50 complexes could be dissected using model DNA substrates and purified protein factors to clarify the molecular roles of this multifunctional enzyme and other factors involved in DSB resection in eukaryotic cells.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/. 
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